The aim of this work is to use optimization as a tool for scale up in airlift bioreactors and apply this approach to a real life process. To put this approach into practice, Chlamydomonas reinhardtii, a green microalgae, was used as a model microorganism. The effects of the design parameters on the performance of the bioreactors were monitored through the changes in mixing and circulation times. As the first step, the effective parameters (draft tube diameter and height, water level over the draft tube, volumetric flow rate of air, and sparger-draft tube distance) in the 1.1 L airlift bioreactor were determined and optimized by the 5-factor, 3-level Box-Behnken design for response surface methodology. A draft tube with a 38-250 mm dimension was selected resulting in a mixing time of 9.94 s with a 1.05 L min -1 air flow rate. In the second step the optimized values were applied to a larger airlift bioreactor of 11 L for C. reinhardtii productions. Comparable biomass productivities (0.87-0.90 g L -1 day -1 ) and doubling times (25-27 h) in both systems was a good indication of the success of the scale-up approach. 
INTRODUCTION
Microorganisms like microalgae are getting more attention in environmental (Fakiroglu and Demir 2011, Katalay et al. 2012) and energy research Vardar Sukan 2011, Oncel and Sabankay 2012) with the rising awareness of societies for natural resources and pollution. Because of this, focusing on the production of these microorganisms using various systems and considering their scale-up is very important.
One of the key production systems is the airlift bioreactor; which has also been acknowledged as a promising bioreactor for microalgae. The airlift bioreactors can significantly improve the microalgae efficiency in using light energy by providing effective mixing and offers advantages such as scalability and operational flexibility (Merchuk et al. 2000, Oncel and Vardar Sukan 2008) . Airlift bioreactors are pneumatically agitated systems with no moving parts, low power consumption, high mass and heat transfer characteristics, good solids suspension, homogeneous shear, and above all, rapid mixing characteristic (Chisti and Moo Young 1993) . Their working principle is based on the gas flow from the sparger that drives the liquid or slurry phase upward through the riser region which is usually inside the draft tube. After reaching the draft tube bioreactor column interface the liquid phase flows downward under the influence of gravity in the downcomer (Chisti 1989 , Merchuk et al. 1999 .
Even the ratio changes depending on the gas-liquid separation efficiency, the gas holdup in the downcomer is generally much lower than in the riser. The pressure difference between the riser and the downcomer circulates the liquid phase between the two sections. Momentum, mass transfer, and heat transfer will be different in each section, but the design of the riser and downcomer may influence the performance and flow characteristics since all are interconnected (Petersen and Margaritis 2001) .
Airlift bioreactors are widely used for different areas of the bioprocesses. The behaviour of the gasliquid dispersions in the different types of airlift systems, such as deep (Giovannettone and Gulliver 2008) , internal loop Chang 1995, Merchuk et al. 2000) , and external loop (Jin et al. 1999 , Yazdian et al. 2009 ) have been studied extensively for different geometries and conditions, specifically with regards to their operating characteristics such as mass transfer efficiencies, gas hold-up, and superficial gas velocities.
Several optimization and scale up studies have been carried out for airlift bioreactors depending on the design parameters such as reactor dimension, working capacities, and mass transfer coefficients studies (Lu et al. 2000 , Merchuk et al. 2000 , Miura et al. 2003 , Russel et al. 2004 , Znad et al. 2004 , Yazdian et al. 2009 ). Mathematical models were also developed enabling the prediction of operating costs under different conditions (Chisti and Moo Young 1993 , Lu and Chang 1995 , Petersen and Margaritis 2001 . On the other hand, the effects of design parameters on the mixing efficiency of airlift bioreactors needs to be investigated comprehensively (Chisti 1989, Chisti and Moo Young 1993) . Hitherto no work based on a statistical approach has been accomplished on the simulation of real life applications of the airlift bioreactor systems with consideration for imperfect mixing.
This study as far to our knowledge is the first report focusing on airlift bioreactor scale up using the 5-factor, 3-level Box-Behnken design. The work identifies the effects of design parameters on the performance of the airlift bioreactors, in two different scales, by monitoring the mixing and circulation times. These parameters were used for the optimization of the bioreactor design for minimum mixing and circulation times. To validate the approach, the biomass production of Chlamydomonas reinhardtii was carried out.
MATERIALS AND METHODS Bioreactors
The bioreactors used in this study were 1.1 L and 11 L glass "airlift bioreactors" (ALRs) (Figure 1 ) with specified dimensions (Table. 1 ). The working volumes were 0.73 L and 7.6 L respectively. A nonreturn valve was placed before the air sparger to prevent the leakage of liquid into the air inlet line at low air flow rates.
A combined glass pH electrode (INGOLD 405-57/120 Hamilton easyferm plus, K8-200; Germany), a digital pH-meter (Mettler Toledo M300 pH), and a variable speed chart recorder (LINSEIS model 122) were used to monitor the pH perturbations within the ALRs. Nine (9) different draft tubes of varying dimensions having inner diameters of 30 to 38 mm and height of 250 to 270 mm were used for the optimization of the 1.1 L ALR. According to the optimization a 64 mm diameter by 790 mm long draft tube was used for the 11 L ALR.
Optimization Analysis
In order to identify the optimum conditions in the 1.1 L ALR, a 5-factor, 3-level Box-Behnken design combined with a response surface reduced cubic model was used. Each variable is experimented at '+1', '0' and '-1' levels which represent the higher, middle, and the lower levels of the variable. The coefficients of the model were calculated using standard regression techniques. The software, Design-Expert TM , Version 5.0 of StatEase Inc. (USA) was used to design the experiments, to calculate the coefficients, and to generate the response surface. According to the optimization study in the 1.1 L ALR the parameters of the 11 L ALR was also determined. This determination was based on the fixed dimensional ratios like D d /D, H/H d , V d /V w , and A/B which were the key design points for both of the PBRs.
Mixing and Circulation Time Determination
The liquid circulation and mixing times were measured by the tracer impulse method adapted from previous studies Vardar Sukan 1987, Çelikkesen 1993) . Sodium hydroxide and hydrochloric acid were used as tracer solutions. The 2 ml of each tracer was alternately injected by a Oncel Ekolo ji needle. The needle was fixed in the horizontal position 5 cm over the top zone of the downcomer, opposite to the pH probe which dived into the downcomer. The concentrations of the tracer solutions were 2 M for the 1.1 L system and 20 M for the 11 L system. The variations in pH were monitored with the pH probe connected to a chart recorder. The mixing time was measured from the response curves obtained by a chart recorder as the time required for 90% homogeneity. Circulation time was determined as the time between two pulse peaks, in other words, dividing the mixing time by circulation number.
Mixing times were calculated for different draft tube dimensions, positions, and for varying liquid volumes over the draft tube, using the recorded pH response data. Measurements were made while the pH shifted from the acidic range to basic. In this way the possible variations in the electrode response time due to the direction of the shift were eliminated. The deionized water in the ALR was renewed after five consecutive determinations in order to prevent possible contamination of the electrode with high salt concentrations. Measurements were taken at different air flow rates ranging from 0.18 L min -1 to 1.46 L min -1 for the 1.1 L airlift. All mixing and circulation time determinations were repeated at least five times for each run to ensure reproducibility. Measurements at higher air flow rates were interrupted due to a slugging effect.
Chlamydomonas reinhardtii Culture Conditions
The C. reinhardtii strain CC124 was grown photomixotrophically in a tris-acetate-phosphate (TAP) medium with a pH 7.2 (Oncel and Vardar Sukan 2009 ). Cultures were temporarily shaken at 25°C in 250-ml Erlenmeyer flasks (110 mL culture volume) under continuous illumination with a fluorescent light (40 μmol m-2 s -1 ).
The cultures were harvested at mid logarithmic phase (dry weight: 0.9±0.1 g L -1 ) and later used as an inoculum (10% v/v) for the 1.1 L ALR and 11 L ALR. Both ALRs are illuminated continuously with fluorescent light with an intensity of 60 μmol m -2 s -1 providing an equal light energy of 0.041 kJ s -1 m -3 . The energy of the light per unit volume, considering the illuminated surface of the ALRs, was calculated based on the energy of a photon (1 μmol = 0.2176 J) (Ogbonna et al., 1995, Oncel and Sabankay, 2012) . All the culture studies were accomplished in triplicate.
The light intensity on the flasks and the surface of the ALRs was measured with a quantum sensor (Licor LI-192 SA) connected to a LI-250A (Licor, Lincoln, USA) light meter.
Analytical Methods
For the chlorophyll measurements, cells were harvested at 3500 x g for 3 min. The chlorophyll in the cells was extracted with a 90% (v/v) acetone/water solution. Chlorophyll ''a'' and ''b'' amounts were determined spectrophotometrically by measuring the light absorption at different wavelengths (630; 645; 663, and 750 nm) (Oncel and Vardar Sukan 2009) .
The chlorophyll fluorescence of the cultures was determined in situ by a Hansatech FMS pulse modulated chlorophyll fluorometer (NorfolkEngland). The optical fiber of the fluorometer was pointed directly at the illuminated bioreactor surface. The values of three different measurements were averaged for obtaining the final data. The pH of the culture was monitored online with a pH probe (Hamilton easyferm plus, K8-200; Germany).
Cell growth was monitored daily by measuring the optical density at 600 nm with a UV-Vis spectrophotometer (Jenway 6100).
The dry cell weight was measured by filtering aliquots on pre-weighed GF/C filter paper (Whatman, UK). The filtered cells were dried at 105°C until reaching a constant weight and were cooled to room temperature in a desiccator before weighing.
The cell density was determined via cell count under a microscope with a Neubauer hemocytometer.
RESULTS AND DISCUSSION The mixing time and circulation time can serve as good indicators for an effective design because they are both related with the overall geometrical and operational parameters of the airlift bioreactors (Sukan and Vardar Sukan 1987 , Chisti 1993 , Oncel and Vardar Sukan 2008 . A scale up approach study was developed using them as key parameters.
Determination of the design constraints
The first step of the study was designed to determine the operational characteristics of the 1.1 L ALR under various air flow rates (Q) along with monitoring the mixing and circulation times.
Four draft tubes with diameters (D d ) of 30 and 38 mm and each with heights (H d ) of 250 and 270 mm were used. The distance between the draft tube and the reactor base (A) was 4.5-13.95 mm. The water height over the draft tube (H w ) varied between 45-75 mm in these constant volume experiments.
Increase in the air flow rate, which is the main driving force in the airlift system, caused a decrease in the mixing time ( Figure 2A ) and circulation time ( Figure 2B ) to some extent. The performance of the airlift system, with respect to short mixing times, is positively affected with the shorter draft tubes. However when the draft tubes with a constant heights was the case, the larger diameters had shorter mixing times. The shortest mixing time values (14.5 s) were obtained with the draft tube of a larger diameter and shorter height (38/250 mm). The circulation time had a slim difference, reaching the shortest time at the shortest mixing times (3.2 s) with the same draft tube. The higher air flow rates decreased the circulation time no matter what the draft tube dimension to some extent and then remained constant. The slim difference in the circulation time depended on the circulation numbers that increased with the higher flow rates. Increased circulation numbers keep the circulation time in a narrow variation of a near constancy that shaded the effect on the time.
When the dimensional ratios were considered, like the ratio of "H d /D d ", the mixing time decreased with the decreasing ratio values reaching the shortest interval again with the same draft tube. Similar relations could also be derived considering other parameters like, the height of the system (H), total volume (V), water volume over the draft tube (V w ), water volume inside the draft tube (V d ), or width of the annulus (B), to investigate the design parameter interrelations of the system and to see the effect of each parameter for a defined experimental condition. The key point from these relations was that to reach a shorter mixing time, the draft tube should be short in height and larger in diameter.
The results of these experiments were in 
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No: 90, 2014 agreement with other works that investigated the airlift reactor design (Sukan and Vardar Sukan 1987 , Çelikkesen 1993 , Bando et al. 1998 , Merchuk et al. 1998 . The force of gas pushing the liquid through the draft tube co-acted with the gravity revealing a net force of movement. Also the pressure loss due to sudden expansion at the surface of the draft tube triggered as a brake. The system lost its contact with the main driving force and hung in the space between the draft tube surface and the reactor surface (Chisti 1989, Chisti and Moo Young 1993) . At this stage the gravity became the dominant driving force that pulled the system down in the annulus. This force interaction monitored by the circulation time influenced the homogeneity that was monitored by the mixing time. This interaction could be monitored to some point as a decrease in the mixing time. But after a certain point the energy related to air flow rate lost its effect which could be attributed to the capacity of the system (Chisti 1989 , Merchuk et al. 1999 , Oncel and Vardar Sukan 2008 . Similar to the thermochemical stage in boiling water one should manipulate the defined conditions to see a change in temperature otherwise there would be constant temperature regardless of the increased energy.
Pointing out this analogy of mixing time, a strong key for design, can be decreased to some extent with the air flow rate but became independent outside the design limits. To optimize the mixing time one should focus also on the dimensional proportions of the system and its interrelation with the operational conditions. From this stand point, the parameters that were observed to have an influence on the mixing time (Q, A, D d , H d , and H w ), were further investigated using experimental design to reach their optimum values in order to obtain the shortest mixing time and circulation time.
Experimental Design
Response surface methodology has been proved to be a powerful optimization tool of parameters for bioprocesses (Narang et al. 2000 , Parilti 2010 ). The 5-factor, 3-level Box-Behnken Design (BBD) and Response Surface Methodology (RSM) has been successfully applied in the optimization (John et al. 2007 , Mohana et al. 2008 , Anbu et al. 2009 , Chaplaa et al. 2010 ). This design procedure allows the calculation of optimum values of variables based on a few sets of experiments in which all the factors are varied within the selected range. It takes into account the interactive effects of various process parameters and also evaluates the quadratic and cubic effects and two-way interactions among the variables and thus determines the non-linear nature of the response, if any. The method is recommended over the central composite design when the numbers of variables are more than four (Box and Behnken 1960) . Thus, five variables D d , H d , Q, H w , and A which were identified as major factors affecting mixing and circulation times, were used for optimization using a 5-factor, 3-level BBD. The level '0' values were determined according to the data obtained in the first step of this study (Table  2 ). In the present work these variables were optimized with the help of BBD using RSM and the values are given according to the experimental design (Table 3) . The results of the response surface Fig. 3(B) . Predicted vs. Actual values for circulation time reduced cubic model to represent the relationships between the response and significant variables, are presented in the form of an analysis of variance (ANOVA) for both the mixing and circulation times (Table 4 and 5).
The regression analysis of the data, generated by the 5-factor 3-level BBD experiments, was carried out to fit the response function (Ogbonna et al., 1995) . The R-squared value of 0.9660 for the mixing time model and 0.9892 for the circulation time model showed that the model fitted well to the experimental data.
The F-Test was carried out for checking the statistical significance of the cubic model equation. The Model F-value of 18.93 obtained for the mixing time and 46.01 for the circulation time indicated both models to be significant. There was only a 0.01% chance that a "Model F-Value" this large could be due to noise.
The 'Prob>F' values for both models (mixing and circulation time models) was calculated by the ANOVA test and for RSM are less than 0.0001 i.e. 99.995% confidence level. The 'Prob>F' values of the parameters less than 0.005 indicate that these parameters have a significant effect on the response. In this case "A, B, C, D, E, AB, AC, AD, AE, BC, BD, CD, B 2 , C 2 , D 2 , E 2 , ABC, ACD, AC 2 , AD 2 , B 2 D, and C 2 E" for mixing time and "A, B, C, D, E, AB, AC, AD, AE, BC, BE, CE, A 2 , B 2 , C 2 , D 2 , E 2 , ABC, ACD, AB 2 , AC 2 , AD 2 , AE 2 , B 2 C, and C 2 D" for circulation time models were significant model terms.
The "Lack of Fit F-value" of 2.70 for mixing time and 0.34 for the circulation time models implied the Lack of Fit was not significant relative to the pure error. There was a 14 % for mixing time and 93.10% chance that a "Lack of Fit F-value" this large could occur due to noise.
After the elimination of parameters which had small coefficients, the improved nonlinear cubic models for mixing (Equation 1) Figures 3A and 3B) . The high values of adjusted R 2 for both responses (0.9149 for mixing Fig. 4(A) . Effect of draft tube height and draft tube diameter on mixing time Fig 4 (B) . Effect of draft tube -sparger distance and flow rate on mixing time Fig 4 (C) . Effect of liquid volume over the draft tube and draft tube diameter on mixing time Fig. 4(D) . Effect of draft tube -sparger distance and draft tube diameter on mixing time time (tm) and 0.9677 for circulation time (tc)) indicated again that the model is well fitted to the observed data. Even if not depicted in the text, the normal probability plot versus the internally studentized residuals to check for the normality assumption was also satisfactory with the residuals plot approximated on a straight line. On the other hand, the plot of the internally studentized residuals versus the run order showed the residuals scattered randomly on the graph suggesting that the variance of the variables of the original trials was constant for all the values of both responses (Guo et al. 2008 , Anbu et al. 2009 ). Response surfaces were generated by plotting responses on the Z-axis against any two variables while keeping the other three as independent variables at their respective '0' levels. Thus, 20 response surfaces were obtained using all possible combinations. In order to observe interrelations in between the design parameters (coded as: A, B, and E) and the process parameters (coded as: C and D) separately, 8 response surfaces were selected ( Figures 4A-5D ). Plots revealed that responses obtained were most sensitive to Hd, Dd, and Q.
The three dimensional (3D) umbrella shaped surfaces depicted, visualized the main effect of the variables, and interactions with mixing and circulation time.
The minimum mixing time was obtained with 38 mm draft tubes while the maximum mixing and circulation times were obtained with the 34 mm draft tubes. The mixing and circulation times decreased in parallel with the variations from the 34 mm value and the decreasing ratios were bigger on the 38 mm side of the 3D surface plots as depicted (Fig. 4 and 5) .
The behaviour of mixing and circulation times with respect to the height of the draft tube were relevant to the interrelation between the volumes of fluid in the draft tube, the annulus region, and at the top of the draft tube. Both mixing and circulation times changed in parallel to the increasing values of the draft tube height. This could be explained by the fact that the volume of the annulus region changes more than the draft tube volume by the increase in draft tube height (Merchuk et al. 1994 , Klein et al. 2001 , Mehrnia et al. 2004 .
In terms of draft tube dimensions the minimum mixing time values were observed with 38/250 mm draft tubes while the maximum mixing time values No: 90, 2014 were obtained with 34/260 mm draft tubes. The mixing time decreased in parallel to the variations from 34/260 mm dimensions and the decrement ratios were bigger on the 38/250 mm side of the 3D surface forming the umbrella-type plot ( Figure 4A ).
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For the circulation time model, in terms of draft tube dimensions the minimum circulation time values were observed again with the 38/250 mm draft tubes while the maximum values were obtained with the 38/265 mm draft tubes and the decrement ratios were bigger on the 38/250 mm side of the 3D surface plot ( Figure 5A ).
Similar interrelations between the draft tube diameter and expansion region in the top clearance ( Figures 4C and 5C ) or draft tube diameter related with the bottom clearance ( Figure 4D and 5D ) elicit umbrella-shaped three dimensional plots of the mixing and circulation times.
Considering the 3D surface plots with the flow rate and bottom clearance as variables, the umbrellashape shifted to saddle-type (Figures, 4B and 5B) . It is evident that the interrelated effect of Q and A over mixing and circulation time was lower compared to the other parameters investigated. It is clearly seen that mixing and circulation times decrease with increasing values of Q and decreasing values of A, since the increase of the distance between the sparger and the bottom of the draft tube causes a decrease in the dead zone at the bottom of the ALR.
Also the effect of the gas flow rate over the riser and downcomer differs in the airlift bioreactors. The bottom clearance exerts an influence in all three areas, such that by increasing the bottom clearance, the riser gas hold-up decreases, as the liquid circulation velocity increases due to a decreased flow restriction. Increasing values of A increased the downcomer gas hold-up because the higher liquid circulation velocity increased the carryover of entrained bubbles to the downcomer from the riser (Velan and Ramanujam 1995, Freitas and Teixeria 1998) .
Similar results were also mentioned by other studies considering the draft tube dimensions and gas flow rates in the internal loop (Sukan and Vardar Sukan 1987 , Merchuk et al. 1994 , Jin et al. 1999 , Klein et al. 2001 , Mehrnia et al. 2004 ) and jet loop (Velan and Ramanujam 1995) airlift bioreactors. The key was to optimize the draft tube diameter in a way that the driving forces in the riser region and downcomer region should be at their best level. In other words; if the diameter of the draft tube was very big, the sudden expansion in the draft tube end due to the higher reactor diameter would lose its effect and may not be compensated by the gain in the annulus region (Chisti 1989 , Chisti and Moo Young 1993 , Merchuk et al. 1999 . From the results of the data analysis, the optimization study was done in order to provide the minimum mixing time with a circulation time that is relatively efficient, to prevent cell damage related to shear and supply enough light in the downcomer region. According to the solution predicted by the software optimum parameter values, selected from the ones with a desirability of "1", are 38 mm for "Dd", 250 mm for "Hd", 1.05 L min -1 for "Q", 0.12 L for "the volume over draft tube", and 4.57 mm for "A". Projected mixing and circulation time values for the parameters mentioned are 9.9358 and 2.9914 seconds.
Scale-up Study
The approach was tested using a biomass production of Chlamydomonas reinhardtii with a constant light energy for both systems (0.041 kJ s -1 m -3 ) with consideration for the illuminated surface per culture volume. C. reinhardtii was selected as a model organism for this experiment due to its importance, specific metabolic and physical requirements. C. reinhardtii is a green microalgae, requiring a homogeneous light intensity and nutrient distribution while its two long flagella are extremely sensitive to shear stress. With these characteristics C. reinhardtii is a good tool for testing the scale-up efficiency of an ALR exposed to varying values for mixing and circulation times.
Some dimensional ratios from the optimization study for the 1.1 L ALR were used to calculate the scaled values of the 11 L ALR (Table 6 ).
The selected Dd/D ratio was fixed at 0.64 for both ALRs to provide the same volume ratio of the riser and downcomer during the scale up process. The H/Hd ratio obtained from the optimization study was also fixed, at 1.65, to avoid errors originating from different geometrical relationships between the draft tube and column, the ratios in between the volumes of riser, liquid over the draft tube, and downcomer.
The linear gas velocity, calculated by considering the optimum volumetric flow rate divided by the selected draft tube cross sectional area, was kept constant at 0.926 m min -1 , in both ALRs for an effective comparison in regards to a similar shear in the draft tube. Considering the draft tube volumes, the Vd/Vw ratio was kept constant at 2.36. This maintained hydrodynamic relationships between the draft tube, downcomer, and top clearance was to be comparable for both systems. The A/B ratio was kept constant at 0.38 to maintain the same mixing conditions at the bottom of the ALR.
The degree of mixing is known to affect the reactor productivity and the yield of biomass significantly to the resultant light/dark cycles (Hu et al. 1996, Oncel and Vardar Sukan 2008) . High frequency fluctuating light [cycle time ≤100 ms] has been reported to lead to higher growth rates and higher photosynthesis rates than continuous light (Ogbonna et al. 1995 , Matthijs et al. 2000 . In the ALRs, the downcomer zone represents the light region and draft tube zone represents the dark region while the bottom and top clearances are the heterogeneous illumination zones. Therefore, the circulation times in between the two zones may be defined as the light/dark frequency of the reactor (Matthijs et al. 2000, Oncel and Vardar Sukan 2008) .
The rate of cell division for Chlamydomonas reinhardtii is highly related to the chemical and physical uniformity as well as the degrees of shear stress. On the other hand, the biomass production is No: 90, 2014 related to the light supply and its attenuation inside the culture volume. Since the light energy was constant, the importance of the light attenuation increased in this study. In terms of airlift bioreactors, the light intensity over the bioreactor first affects the downcomer region that represents the light region (Ogbonna et al. 1995) . Thus, the effect of circulation time, related with the number of passes inside the downcomer, in the biomass production showed up more specifically. The doubling times were about 25±1 h in the 1.1 L and 27±1 h in the 11 L ALR and there is a parallel growth in both bioreactors as can be seen from Fig. 6 . This indicated that the uniformity of chemical and physical properties and the degree of shear forces were maintained similar in both scales. The change in absorbance values (ΔABS) for both processes was in the vicinity of 1.3. This also verified that the specific growth rates and the shear stress were similar in both scales. The parallel change in the chlorophyll amount of the cells and PSII activity indicated similar light utilization in both scales (Table 7) . Keeping in mind the dimensional differences between the two systems the comparable results on cultivation, could be attributed to the success of the design and scale up approach.
The comparable results obtained from the biomass production of C. reinhardtii in the 1.1 L and the 11 L ALRs showed that the application to higher scales can be possible by the conservation of some parametric ratios determined with an optimization study. CONCLUSION The design parameters of the airlift bioreactor investigated in the study showed a significant relation with the mixing time and circulation time. These parameters were optimized according to experimental design and statistical analysis. The coherence of the scale up study performed with the parameter values obtained from the optimization study was validated by the biomass production of the selected model microalgae. Even if there was a slim difference depending on the construction of the bioreactors, this work clearly proves that a successful scale-up can be achieved by maintaining similar chemical and physical conditions in both scales using optimization studies.
